ABSTRACT Intracerebral hemorrhage (ICH) is the most severe subtype of stroke. Treatment options are scarce and given the high morbidity and mortality, relatively ineffective. Since patients with ICH may have an unknown heritable component, the need to identify potential risk factors necessitates the use of animal models to elucidate the genetic underpinnings of neurovascular development and, thereby, identify candidate regulatory pathways that are likely to be disrupted in patients with ICH. Zebrafish (Danio rerio) exhibits the anatomical and physiological complexity of a closed circulatory system observed in all vertebrates (with arteries, veins and capillaries). Moreover, studies over the last decade, aided by the application of chemical mutagenesis screens, morpholino mediated knockdown approaches and tissue-specific transgenic markers, have paved the way for the identification of several genes and signaling pathways that regulate developmental neurovascular stabilization. We hypothesize that mutations in these genes or pharmacological perturbations of these gene-products may account, at least in part, for the etiology of some forms of spontaneous ICH in humans.
Introduction
Despite the high morbidity associated with intracerebral hemorrhage (ICH) and the appreciation that genetic factors during development contribute significantly to the disease onset, the etiological underpinnings remain elusive (Rost et al., 2008) . The mechanisms contributing to the stabilization of nascent neurovascular architecture are far from being elucidated. Given the absence of effective treatment options to improve the outcome, the pressing need to characterize the potential risk factors for ICH is recognized by researchers and clinicians alike. One of the limited routes towards therapeutic applications is to identify and characterize the novel genetic variants that underlie ICH in vertebrate models of stroke.
Functional studies over the last decade have yielded valuable insights into the mechanisms regulating vascular development in zebrafish, which show a high degree of conservation with other vertebrates (Isogai et al., 2001; Ellertsdóttir et al., 2010; Gore et al., 2012) . The processes of endothelial cell (EC) fate-specification and maturation in zebrafish are driven by a conserved set of genes (Detrich et al., 1995; Kabrun et al., 1997) . Similarly, the processes of angiogenesis (Liang et al., 2001; Habeck et al., 2002) , vasculogenesis (Herbert et al., 2009) artery-vein specification (Swift and Weinstein, 2009; Hong et al., 2008) , vessel lumenization (vascular tube formation) (Kamei et al., 2006) and vascular stabilization (EisaBeygi et al., 2014) in zebrafish are under the control of a conserved set of genes, growth/transcription factors and regulatory pathways.
With the implementation of N-ethyl-N-nitrosourea (ENU, C 3 N 3 H 7 O 2 )-driven mutagenesis screens and morpholino-mediated reverse genetics approaches, coupled with the optical transparency, and the availability of tissue-specific transgenic lines, zebrafish have enabled us to gain insights into the genetic underpinnings of neurovascular development (Stainier et al., 1996) . Endowed with the fecundity of an in vitro model and the anatomical and physiological complexity of a closed circulatory system (with arteries, veins and capillaries), the zebrafish has turned into a useful tool to illuminate the mechanisms of vascular development and the etiology of clinically relevant vascular pathologies, such as, ICH . The ICH phenotype and its progression in developing zebrafish, evidenced by the accumulation of red blood cells within the cranial vault, can be scored under a dissecting microscope, eliminating the need for histological analyses (Fig. 1A and B) .
In this review, we provide a synthesis of the recent advances into the etiology of ICH, derived from zebrafish developmental studies. By providing a synthesis of these findings, we also elucidate, where possible, the inter-dependence of these conserved signaling and regulatory pathways. It is predicted that loss-of-function mutations in these genes or pharmacological curtailment of these gene products may impair neurovascular stabilization and precipitate a hemorrhagic phenotype.
Genes regulating cell-cell and cell-matrix adhesions
The trans-membrane adhesion proteins anchored to cytoskeletal elements near the plasma membranes of ECs confer structural rigidity and ensure vascular stability by maintaining the physical contact between neighboring ECs. The EC-specific vascular endothelial (VE)-cadherin is expressed at the adherens junctions of EC membranes and contributes to barrier integrity. Membrane-bound VE-cadherin (Cdh5) interacts via its C-terminal domain, with the actin cytoskeleton, through a number of intracellular binding partners (a/b-catenin). This association is required for the regulation of EC-cell adhesion, cell shape, cell motility and control of gene expression Dejana and Vestweber, 2013) (Fig. 2) . Consistently, loss of VE-cadherin function in zebrafish impairs EC elongation due to disruption of actin fibers and defective junction remodeling, which disrupts angiogenic sprouting (Sauteur et al., 2014) . Hence, the adhesion between the ECs is not only maintained via the adhesive function of VE-cadherin, but also via the dynamic actin-based cytoskeletal structures that provide a scaffold for the VE-cadherin mediated EC-cell adhesions. This is evidenced by data showing that perturbations in the polymerization state of actin cytoskeleton (hyper-polymerization and/or de-polymerization) disrupt EC barrier function and increase permeability in vivo (Spindler et al., 2010) .
The VE-cadherin-mediated EC-cell barrier integrity is, in part, under the positive control of Rac1 and Cdc42 GTPase activities (Daneshjou et al., 2015; Broman et al., 2006) and is negatively regulated by the hyper-activation of RhoA GTPase signaling (Giannotta et al., 2013) , as observed in vascular pathologies, such as cerebral aneurysms, endotoxin-induced sepsis, thrombin-induced EC hyper-permeability or viral-induced micro-vascular leak (Borikova et al., 2010; Han et al., 2013; Parker et al., 2015; Han et al., 2013; van Nieuw Amerongen and Hinsbergh, 2007; Darwish and Liles, 2013) .
In zebrafish, cdh5 transcripts exhibit a vascular-specific enrichment profile, detectable during early stages of development (Fig. 1C) . Consistent with its role in EC-cell barrier integrity, morpholino-mediated depletion of cdh5 transcripts, results in ICH and defective vascular lumenization during zebrafish development (Montero-Balaguer et al., 2009 ).
The VE-cadherin mediated EC-cell stability is under the control of a conserved signaling pathway involving P21-activated kinase 2a (Pak2a), a kinase belonging to the Pak protein family (Gavard and Gutkind, 2006) . Pak2a physically interacts with the membranebound (prenylated) Rho-family GTPases, Cdc42 and Rac1, in their active (GTP-bound) state. This interaction regulates actin organization at the EC membrane-cytosol boundary (Vidal et al., 2002; Renkema et al., 2002) . The Pak proteins, through regulating the organization of actin cytoskeleton, thus EC contractility, regulate changes in cell shape of ECs (Itakura et al., 2013) (Fig.  2) . Whereas depletion of PAK2 function in embryonic mice induces developmental defects and mortality, loss of PAK2 function in adult mice disrupts vascular permeability (Radu et al., 2015) . In zebrafish, both ENU-mediated truncation of pak2a and morpholino-induced (Stainier et al., 1996; Buchner et al., 2007) . Although neurovascular angiogenesis is slightly delayed in Pak2a-deficient embryos, the primary defects are due to loss of vascular stability (Buchner et al., 2007) . Consistently, knockdown of the A kinase (PRKA) anchor protein 12 (Akap12) expression, an modulator of actin dynamics via pak2a-mediated signaling (Fig. 2) , induces loosened EC-cell contacts, a discontinuous EC layer and frequent ICH in developing zebrafish (Kwon et al., 2012) .
Similarly, a hypomorphic mutation in the bPix gene (redhead strain), which encodes a Pak-interacting guanine nucleotide exchange factor (GEF), phenocopies the vascular defects observed in Pak2a or Akap12-deficient fish (Stainier et al., 1996; Liu et al., 2007) . Interestingly, bpix acts as a Pak2a-interacting molecular switch by activating the Rho GTPases, Rac1, and Cdc42 (Fig. 2 ). In zebrafish with reduced bpix expression, the primary cause for ICH is shown to be defective EC-mural cell interactions (Liu et al., 2007) . The findings in Pak2a and bpix-deficient zebrafish provide strong in vivo evidence for the involvement of Rac1 and Cdc42 GTPases in neurovascular development and support previous in-vitro evidence about the involvement of Rac1/Cdc42 in the maintenance of endothelial-cell barrier integrity and lumenization (Birukov et al., 2004; Kouklis et al., 2004 , Broman et al., 2006 Koh et al., 2008) . Consistently, in patients with cerebral cavernous malformation (CCM), an autosomal familial disorder, characterized by hemorrhage-prone vascular malformations, the Rac1/Cdc42 signaling pathway is significantly reduced, whereas, the RhoA pathway is hyper-activated (Liu et al., 2011; Storkebaum et al., 2011; Lant et al., 2015) . These consistent results highlight the potential clinical utility of zebrafish-based chemical/genetic screens for the identification of disease-related genes in cerebrovascular pathologies.
The Rac1/Cdc42 signaling is also regulated at the level of subcellular localization. Inhibition of the 3-hydroxy-3-methylglutaryl-coenzyme A reductase (Hmgcr), a rate-limiting enzyme required for the biosynthesis of geranylgeranyl pyrophosphate, a 20-carbon lipid-tag for the membrane localization of Rac1/Cdc42 at their carboxyl terminus (CAAX terminus) (Itoh et al., 2002) (Fig.  2) , induces loosened EC-cell interactions and ICH in developing zebrafish (Gjini et al., 2011; Eisa-Beygi et al., 2013) . Interestingly, the zebrafish-based findings are consistent with emerging clinical studies, which have disclosed a link between cholesterol-lowering HMGCR inhibitors (statins) and increased risk of ICH. (Amarenco et al., 2006; Goldstein et al., 2008; Flaster et al., 2011; Lauer et al., 2015) . Statins may impair vascular stability by decreasing the prenylation of Rac1/Cdc42 proteins and inhibit downstream pathways that govern VE-cadherin mediated EC-cell barrier function Eisa-Beygi et al., 2016) (Fig. 2) .
The VE-cadherin mediated EC-cell barrier function is also regulated by the small GTP-binding protein, Ras GTPase. The activation of Ras GTPase enhances VE-cadherin mediated EC-cell barrier function (Sawada et al., 2012) . This is consistent with data in zebrafish showing that knockdown of rap1b, which encodes a Ras GTPase effector, results in ICH, along with reduced expression and membrane localization of VE-cadherin and its binding partner, b-catenin (Gore et al., 2008) . When Rap1b morpholino oligonucleotides were co-injected in combination with morpholinos against the previously identified Rac1/Cdc42 signaling mediators, pak2a and bPix, the incidence of ICH increased significantly (Gore et al., 2008) (Fig. 2) . This is suggestive of a synergy through genetic cross-regulation of components of Ras, Rac1 and Cdc42 GTPases as positive regulators of VE-cadherin mediated vascular stability.
Studies in zebrafish have revealed that EC-cell junction integrity is also regulated at the level of VE-cadherin gene expression via the E26 transformation-specific (ETS) domain transcription factors. The conserved transcription regulators, erythroblast transformationspecific-related gene (erg) and Friend leukemia integration 1 (fli1), both of which are required for hematopoetic and angiogenic processes, are important in neurovascular stabilization, because they regulate VE-cadherin dynamics (via regulating VE-cadherin mRNA enrichment levels) (Liu and Patient, 2008) . Both erg and fli1 transcripts are detected in endothelial precursors/hemangioblasts as well as mature blood vessels during zebrafish development. Injection of morpholino-oligonucleotides against either erg or fli1 induces ICH phenotypes in developing zebrafish (Liu and Patient, 2008) . Consistently, the mRNA levels of VE-cadherin were significantly diminished in the morphants prior to the onset of ICH, suggesting that the hemorrhages arise, in part, due to downregulation of VE-cadherin levels (Liu and Patient, 2008) (Fig. 2) .
In addition to VE-cadherin, another EC-specific cell surface receptor, angiopoietin receptor 1 (Tie2), is also shown to be important for developmental neurovascular stabilization via sonic hedgehog (shh) signaling. A mutation in Daz-interacting protein 1 (Dzip1), a component of sonic-hedgehog signaling, results in ICH by 2 dpf, along with reduced mRNA levels of angiopoeitin 1 (Ang1), an inductive ligand of Tie2 (Lamont et al., 2010) (Fig. 2) . Although the loss of Dzip1 function is not shown to affect the patterning of cerebral vessels or artery/vein specification, the stability of vascular endothelium is disrupted, evidenced by the weakened perivascular-EC contacts and extravasation of blood components into the brain parenchyma. The hemorrhages are due to impaired ang-1/Tie2 signaling (Lamont et al., 2010) .
Studies in zebrafish have also uncovered a functional role for the epidermal growth factor like domain 7 (Egfl7), a conserved vascular-endothelial specific secreted growth factor in vertebrates (Parker et al., 2004) . Egfl7 is required for the processes of tubulogenesis, lumenization, EC migration and polarity (Parker et al., 2004; Schmidt et al., 2007; De Mazière et al., 2008) . Recently, a functional role for Egfl7 in neurovascular stabilization has been shown via the use of TAL effector nucleases (TALENs) designed against egfl7. Injection of TALENs RNA into fertilized zebrafish embryos induces ICH in some of the embryos by 2 dpf (Rossi et al., 2015) . The effects of Egfl7 knockdown on neurovascular stability are likely due to aberrantly distributed EC adherens and tight junctions, as evidenced by previous findings (De Mazière et al., 2007) .
Neurovascular permeability is also maintained via the adherence of ECs to constituents of extracellular matrix (ECM). The ECM is composed of a non-cellular component made up of macromolecules (proteins and carbohydrates) that provide a scaffold for the development and maintenance of the nascent vascular endothelium into functional blood vessels (Davis and Senger, 2005) . A strong EC-ECM interaction is required for cerebral-vascular stabilization (Baeten and Akkasoglou, 2011) . The interaction between the intracellular cystoskeleton of the ECs and ECM components is mediated, in part, by the cell adhesion receptors, integrins, which form the focal adhesions (Davis and Senger, 2005) . By enabling ECs to bind to ECM membrane components, integrins contribute to both vascular stabilization and angiogenesis (Baeten and Akkasoglou, 2011) (Fig. 2) . In zebrafish, morpholino-mediated reduction of either Integrin a v or Integrin b 8 mRNA levels or their combinatorial knockdowns induces ICH during development, similar to the null mutant phenotypes detected in mice deficient for integrin a v or integrin b 8 (Liu et al., 2012) . In addition, the integrin morphants show impaired developmental angiogenesis (shown by reduced proliferation rate of ECs) in the hindbrain, evidenced by loss of central arteries which otherwise serve to irrigate the neural tissues in the hindbrain (Liu et al., 2012) . More importantly, this study provides in vivo evidence that there is a physical interaction between integrins (a v and b 8 ) and bpix (a positive regulator of Rac1/ Cdc42 activity), This interaction is mediated, in part, by GIT1, an ARF GTPase activating (GAP) protein that is a positive regulator of p21-activated kinases (Pak proteins) at adhesion complexes (through phosphorylation) (Premont et al., 2004; Loo et al., 2004 ). This study further shows that Pak2a and bpix, in addition to their role in maintaining EC-cell interaction by regulating VE-cadherin mediated barrier function (through Rac1/Cdc42 GTPase pathway), are also required for EC-ECM adhesion complex, an interaction that is facilitated by membrane-associated integrin molecules.
On balance, these studies provide strong evidence for components of Ras/Rac1/Cdc42 GTPase signaling in maintaining ECcell and EC-ECM interactions. As such, impairments in signaling mediators of these small GTPases may affect cerebral-vascular stability in patients (Fig. 1D) .
Genes regulating endothelial cell survival
The survival of ECs is necessary for the maintenance of cerebrovascular function and integrity. In a large-scale and transgeneassisted ENU screen for zebrafish mutants with vascular defects, Jin et al., identified the tomato s805 (tom) mutant (along with several others), which exhibited widespread hemorrhages and, more prominently, an ICH phenotype during development (Jin et al., 2007) . The hemorrhages are associated with the loss of EC viability, as evidenced by vascular regression/fragmentation and EC-specific apoptosis . Positional cloning of the mutants suggested a non-sense mutation in the Birc2-encoding gene, which encodes an important regulator of caspase enzyme activity and an inhibitor of apoptosis. The characterization of the birc2-deficient zebrafish suggests that neurovascular permeability is also regulated at the level of vascular remodeling via a fine balance of EC survival/proliferation and EC apoptosis and vascular regression .
In the same ENU screen for genes regulating vascular integrity, Jin et al., isolated the reddish s587 (reh) mutant, which also exhibited a robust ICH phenotype (Jin et al., 2007) . Further molecular characterization of the reh strain by Hegarty et al., through positional cloning, revealed a missense mutation in the Ubiad1 gene, which otherwise encodes the UbiA prenyltransferase domain-containing protein 1 (Hegarty et al., 2013) . The mutants exhibited profuse bleeding in the brain and showed regression of inter-segmental (ISV) vessels in the trunk region. This study suggested, for the first time, that Ubiad1 may be involved in regulating the survival of ECs and the surrounding vascular mural cells, as mutants showed extensive vascular regression in the cranium, evidenced by enhanced EC karyorrhexis and apoptosis. Furthermore, the study demonstrated that Ubiad1 regulates EC homeostasis via a vitamin K2-dependent and anti-apoptotic mechanism (Hegarty et al., 2013) . Interestingly, the injection of human Ubiad1 mRNA rescues the cerebral-vascular defects; lending support for the conservation of Ubiad1 mediated suppression of EC apoptosis across vertebrates (Fig. 1E) .
Mediators of thrombosis/hemostasis
The coagulation pathway, a complex biochemical cascade involving the adhesion of platelets to the sub-endothelium of injured blood vessels and the formation of the insoluble fibrin clot, is a conserved vertebrate adaptation to stop bleeding following vascular injury (English et al., 2000) . Reverse genetics approaches in zebrafish have revealed that defects in the processes of coagulation and hemostasis can impair cerebral-vascular stability and result in ICH (Day et al., 2004) . In zebrafish, morpholino-mediated knockdown of the prothrombin gene, which encodes a serine protease that converts soluble fibrinogen to insoluble fibrin fibers, causes ICH as early as 48 hpf (Day et al., 2004) . Prothrombin is a central mediator of the coagulation pathway and the hemorrhagic phenotypes observed in these embryos are consistent with those observed in mice that have prothrombin deficiency, suggesting that thrombin signaling is conserved across vertebrates (Xue et al., 1998) . Hmgcrb, Loss of fibrinogen, an essential component of the coagulation cascade, induces an ICH phenotype similar to those observed in prothrombin-knockdown zebrafish (Vo et al., 2013) . In zebrafish, synergistic knockdowns of the three syntenic fibrinogen-encoding orthologous genes, fga, fgb, and fgg, which encode the 3 polypeptide chains of fibrinogen, a, b, and g, gives rise to ICH as well as bleeding in the trunk (Vo et al., 2013) . This further confirms that impairments in the coagulation pathway can affect vascular permeability in a systemic manner (Vo et al., 2013) (Fig. 1F) . These findings are consistent with the well known clinical finding that anticoagulant or antiplatelet compounds, such as aspirin or warfarin, increase the risk of ICH in patients (Hart et al., 1999; Goldstein and Greenberg, 2010) .
Endothelial cell cilia
The function of EC-specific primary (non-motile) cilia, an organelle composed of a unique arrangement of cytoskeletal elements that protrude from the inner surface of the vascular endothelium, was only recently explored. The base of the cilium is physically associated with the cytoskeletal elements in the EC cytoplasm (Hierck et al., 2008; Jones et al., 2012) (Fig. 2) . The cilia function primarily to transduce mechano-sensory information (blood flow) to ECs (Goetz et al., 2014) . Impaired cilia function has been shown to induce loss of EC barrier integrity in mouse ECs (Jones et al., 2012) . Studies in zebrafish show that primary cilia can be found in the developing vasculature (evidenced by the co-localization experiments following transient expression of a fluorescent cilia marker) and that cilia are essential for developmental cerebral vascular stabilization in an EC-autonomous manner (Kallakuri et al., 2015) . Loss-of-function mutations in the three intraflagellar transport genes, namely, ift172, ift81, and qilin, required for the development and maintenance of cilia, are associated with ICH in developing zebrafish, suggesting a ciliary contribution to the development and maintenance of the EC barrier (Kallakuri et al., 2015) (Fig. 1G) (Fig. 2) . Interestingly, though, in embryos with ICH, neither the cerebral-vascular morphology nor the distribution or amounts of adherens junctions (VE-cadherin staining) or tight junctions (ZO-1 staining) were impaired by the loss of intraflagellar transport genes, leaving the underlying defect elusive (Kallakuri et al., 2015) .
Conclusions/Discussion
Zebrafish-based functional studies over the last decade, aided by the application of ENU-driven mutagenesis screens, the ease of morpholino-based and transient knockdown approaches, the presence of tissue specific transgenic lines, their fully annotated genome as well as their optical transparency, have enabled us to uncover a number of conserved of genes and regulatory pathways that may be essential for neurovascular stabilization in humans (Fig. 2) .
Morpholino-based approaches have been instrumental in recapitulating the phenotypes of some of the ICH-inducing mutations highlighted in this review (Buchner et al., 2007; Liu et al., 2007; Santoro et al., 2007) . Nonetheless, the use of morpholinos alone (even with appropriate controls) as the only method to assess gene function is no longer a viable strategy, as this approach is currently a subject of contention in the zebrafish research community (Kok et al., 2015; Rossi et al., 2015; Morcos et al., 2015) . Previously, concerns had been raised about the possible off-target effects of both translation-blocking and splice-introducing morpholinos in zebrafish (Eisen and Smith, 2008) . However, only recently empirical data as well as evidence derived from database analyses show significant discrepancies between the morphant and mutant phenotypes reported in zebrafish (Kok et al., 2015) . The discrepancy between morphant and mutant phenotypes necessitates the use of sequence-specific endonucleases for genome modification in order to accurately dissect the function of genes in cerebral-vascular development and vascular stability. As such, due to the absence of genetic evidence, some of the zebrafish studies highlighted in this review may need to be supplemented by more accurate genetargeting approaches. To this end, the use of sequence-specific DNA-binding endonucleases, such as Zinc finger nucleases (ZFNs) (Foley et al., 2009) , transcription activator-like effector nucleases (TALENs) (Hwang et al., 2014) or the CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 system (Varshney et al., 2015) to introduce double-strand breaks at specific loci in the genome can enable generation of mutant embryos.
Although zebrafish is an accessible model organism, the extent to which the aforementioned developmental studies (involving loss of gene function or expression) contribute to our understanding of the etiology of late-onset hemorrhageic strokes in adults remains a subject of contention? In almost all of the mutant, morphant or compound-treated zebrafish presenting with ICH, the hemorrhages arise at a specific developmental stage marked by active neurovascular remodeling and lack of perivascular coverage by pericytes and mural cells. In fact, in zebrafish the cranial vasculature shows a propensity to become more stable through recruitment of perivascular coverage and basement membrane deposition during the course of development. There is a specific period (between 1-2 dpf) during early development in which cranial vessels show the highest susceptibility to mediators of permeability due to inherent fragility, as the blood-brain barrier at this stage is not well established.
In humans, relatively little is known about the genetic underpinnings of ICH pathobiology. Although life-style factors such as tobacco/alcohol consumption, hypertension, trauma, anti-coagulant, and anti-platelet therapies have been implicated in ICH pathobiology, relatively little is known about the extent to which familial and hereditary factors contribute to spontaneous ICH in humans. In a recent review of the known human genetic risk factors for ICH, Carpenter et al., have shown, based on previous meta analyses and genet-association studies, several genes to be implicated in ICH pathobiology (Carpenter et al., 2015) . They suggest that mutations in genes regulating the processes of hemostasis, lipid metabolism and transfer, as well as inflammation (APOE, ACE, PMF1/SLC25A44, COL4A2, and MTHFR) can predispose individuals to spontaneous ICH (Carpenter et al., 2015) . Although such gene-association studies do not yield mechanistic insights into how deficiencies in these gene products may contribute to the etiology of spontaneous ICH, they do offer candidate pathways as points of therapeutic intervention to prevent vascular leakage. A limitation of these types of clinical studies is that they are based on meta analyses of homogenous and limited number of populations. We propose that studies in zebrafish can serve to validate the vascular-specific effects of these genes and, more importantly, to dissect their mechanism(s) of action in the context of neuro-vascular development.
In addition to identifying novel genes required for cerebralvascular permeability and testing novel hypotheses regarding the genetic and mechanistic underpinnings of vascular development, we predict that stroke research in zebrafish, which is still in its phase of infancy, will pave the way to better understanding of the pathophysiology of ICH and enable us to test therapeutic strategies aimed at restoring the vascular defects using spontaneous models of ICH (such as the mutant strains generated via sequence-specific nucleases). The severity associated with ICH is chiefly due to the ensuing pathophysiological processes within the cranial vault, typified by hematoma expansion, release of inflammatory mediators, and neurological deterioration (Aronowski and Zhao, 2011) . Our knowledge of the entire suite of cellular and biochemical processes triggered by vascular rupture and hematoma expansion is limited due, in part, to the inherent limitations with present mammalian models. Mammalian models of ICH are generated via a number of interventions, including injection of bacterial collagenase into the basal ganglia or infusion of autologous blood into the brain parenchyma (Rosenberg et al., 1990; Belayev et al., 2003) . Although these models serve as excellent paradigms for the assessment of neuro-behavioural changes following ICH (using well-established neurosensory and motor behaviour measurements), they have several shortcomings. These limitations include heterogeneity of the resulting hemorrhages, the non-specific inflammatory reaction elicited by the bacterial collagenase, variability in the arterial pressure, the lack of feasibility for real-time/in vivo imaging of hematoma expansion and edema formation, heavy reliance on immunohistological processing, lack of optical clarity, high cost, and high mortality.
A defining feature of zebrafish, and of particular importance to stroke research, is the presence of numerous tissue-specific transgenic lines, which enables real-time imaging pathophysiological processes after the onset of hemorrhage. Hence, improved understanding of the pathophysiological cascade of events and molecular mechanisms ensuing ICH in an optically transparent paradigm, like zebrafish, can be of clinical relevance in terms of identifying potential targets for new prognosis and therapeutic interventions to ameliorate the progression of the disease in vivo. The development, over the last decade, of stable transgenic markers for thrombocytes, blood vessels, erythrocytes, macrophages and leukocytes, neuronal networks, and apoptotic cells enables for simultaneous and real-time fluorescent detection of the pathophysiological processes ensuing ICH. Hence, zebrafish embryos provide a relatively rapid screening system with the genomic and functional complexity of a vertebrate model organism.
